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Abstract We have recently reported on the characterization of
L-actin carrying the mutation S14C in one of the phosphate-
binding loops. The present paper describes the attachment of the
adenosine 5P-[gamma-thio]-triphosphate (ATPQS) to actin con-
taining this mutation. Treatment of S14C-actin with ATPQS
blocked further nucleotide exchange and raised the thermal
stability of the protein, suggesting the formation of a covalent
bond between the sulfhydryl on the terminal phosphate of ATPQS
and cysteine-14 of the mutant actin. The affinity of the
derivatized G-actin for DNase I as compared to wild-type
ATP-actin was lowered to a similar extent as that of ADP.AlF4-
actin. The derivatized actin polymerized slower than ATP-actin
but faster than ADP-actin. Under these conditions the bound
ATPQS was hydrolyzed, suggesting the formation of a state
corresponding to the transient ADP.Pi-state. ATPQS-actin
interacted normally with profilin, whereas the interaction with
actin depolymerizing factor (ADF) was disturbed, as judged on
the effects of these proteins on actin polymerization. ß 2000
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction
Actin ¢laments (F-actin) are the major component of mi-
cro¢laments, one of the force-generating systems of eukary-
otic cells. Hydrolysis of ATP accompanies assembly of actin
monomers (G-actin) into ¢laments, and turnover of the actin
nucleotide is crucial for micro¢lament dynamics [1^3]. The
molecular mechanisms of the ATPase reaction and its conse-
quences for the functioning of the actin molecule are poorly
understood. Actin has a higher a⁄nity for ATP than for a
number of other nucleotides and nucleotide analogs [4], and
the protein is unstable when the nucleotide-binding site is
unoccupied [5]. Therefore, it has been di⁄cult to obtain actin
preparations with bound non-hydrolyzable nucleotide analogs
devoid of ATP-bound and denatured actin. A solution to
these problems is to attach nucleotide analogs covalently to
the active site. This technique was successfully used to identify
catalytic residues in di¡erent enzymes, locking them in their
enzymatic cycle (see [6,7] for reviews).
Previously, covalent attachment of nucleotide analogs to
actin was conducted to block the polymerization reaction in
order to obtain a crystallizable form of actin [8,9], and to map
the nucleotide-binding site [10,11]. In the light of recent prog-
ress in micro¢lament turnover (reviewed by [3]), it is worth-
while to reexamine such nucleotide analogs as tools for study-
ing the role and mechanism of the actin ATPase.
Actin has been shown to bind and hydrolyze ATPQS [12].
Recently, a cysteine was introduced in close proximity of the
Q-phosphate of the actin-bound ATP by site-directed muta-
genesis [13]. The results presented here indicate that ATPQS
becomes covalently coupled to this mutant L-actin.
2. Materials and methods
2.1. Chemicals
Bovine pancreatic DNase I (crystalline) was from Chemicon ICN.
Hydroxyapatite (even lot number) was from Clarkson Chromatogra-
phy Products (South Williamsport, PA, USA). Rhodamine^phalloi-
din, OATP, and N-(1-pyrene)iodoacetamide were from Molecular
Probes (Eugene, OR, USA). ADPLS and ATPQS were from Al-
drich-Sigma.
2.2. Mutagenesis and protein puri¢cation
Mutagenesis of the chicken L-actin gene, expression in Saccharomy-
ces cerevisiae, and isolation of the mutant L-actins followed previously
published protocols [13,14]. Recombinant L-actin was kept in G-bu¡-
er (5 mM Tris^HCl, pH 7.6, 0.5 mM ATP, 0.1 mM CaCl2, 0.5 mM
DTT, 0.006% NaN3). ADP-actin was prepared by a cycle of polymer-
ization/depolymerization and subsequent gel ¢ltration on Sephacryl
S-300 (Pharmacia) in G-bu¡er containing 0.5 mM ADP instead of
ATP. Exchange of the high-a⁄nity Ca2 for Mg2 was achieved by
incubating actin in G-bu¡er with 0.2 mM EGTA and 50 WM MgCl2
for 15 min at room temperature [15]. For AlF4 treatment, 0.1 mM
Al(NO3)3 and 0.5 mM NaF were added to monomeric ADP-actin.
Pro¢lin and L/Q-actin were puri¢ed from bovine thymus [16]. Arabi-
dopsis thaliana ADF1 was expressed in Escherichia coli and puri¢ed
according to [17]. All experiments were conducted at 25‡C.
2.3. Reaction of ATPQS with S14C-actin
Excess nucleotide and DTT were removed from S14C-actin by gel
¢ltration on Sephadex G-25 (Pharmacia), ATPQS was added from a
stock solution (pH 7.4) to a ¢nal molar ratio of 10:1 over actin, and
the samples were incubated at room temperature. Covalent attach-
ment of ATPQS to S14C-actin was complete after 10 min, as judged
by completely blocked nucleotide exchange (see Section 3).
To verify covalent attachment of the nucleotide to S14C-actin, the
reaction was performed using ATPQ[35S] (Amersham) at a ¢nal activ-
ity of 50 WCi/ml. Part of the reaction mixture was cleaved with trypsin
(sequencing grade) at a molar ratio of 1:100 over actin for 2 h at
15‡C. The samples were mixed with 0.2 vol of non-reducing sample
bu¡er (50 mM Tris^HCl pH 7.6, 10% glycerol, 0.2% SDS), denaturing
electrophoresis was performed in 18% acrylamide gels, and ¢xed gels
were autoradiographed.
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2.4. Thin layer chromatography
F-actin pellets were dissolved in 0.3 M perchloric acid and spotted
onto PEI-cellulose sheets (Merck). Ascending chromatography was
performed in 0.5 M formic acid, 1 M LiCl2 after which the cellulose
sheets were examined under UV light [18].
2.5. DNase I^actin interaction
The actin:DNase I interaction was studied using the DNase I-inhi-
bition assay [19] and the a⁄nity of the complex was determined from
double-reciprocal plots of the DNase I-inhibition activity as a func-
tion of actin concentration.
2.6. Nucleotide exchange
After addition of OATP [20] to G-actin (10 WM) in the presence of
di¡erent nucleotides, the £uorescence increase at s 408 nm (excitation
at 360 nm) was monitored using a Sigma ZWS II spectro£uorimeter
(Biochem Wissenschaftliche Gera«te GmbH, Puchheim, Germany).
2.7. Thermal denaturation of actin
The DNase I-inhibition assay [19] was used to assess the thermal
stability of actin, as described in [21]. The Tm was de¢ned as the
temperature at which 50% of the initial DNase I-inhibition activity,
measured at 25‡C, was lost.
2.8. Actin polymerization
Filament formation was monitored by the increase in £uorescence
due to copolymerization of 2% pyrene-labeled bovine L/Q-actin [22] as
described [13]. The critical concentration for polymerization (Acc) was
estimated using the sedimentation/DNase I-inhibition assay [13].
3. Results and discussion
3.1. Reaction of ATPQS with S14C-actin
In the tight state of actin, the S14-hydroxyl is within hydro-
gen bonding distance of the Q-phosphate of ATP (Fig. 1)
[23,24]. Therefore, L-actin carrying the mutation S14C [13]
provided the possibility of attaching cysteine-reactive nucleo-
tides to the nucleotide-binding site. The cysteyl side chain is
somewhat larger than the wild-type seryl side chain. There-
fore, the sulfhydryl groups of either ADPQS or ATPQS were
candidates for forming a disul¢de with cysteine-14 of the mu-
tant actin.
The results in Fig. 2A show that incubation of S14C-actin
in the presence of ATPQS blocked incorporation of the £uo-
rescent nucleotide OATP. In contrast, ATP and ADPQS were
readily replaced by OATP. Therefore it was concluded that
ATPQS was covalently attached to cysteine-14 of the mutant
actin. Addition of 10 mM DTT only led to a slow increase of OATP £uorescence. Additional OATP added to ATPQS-actin
caused an increase in £uorescence to 40% of the ¢nal level of
the control (Fig. 2A, open circles and open diamonds), as
compared to 80% when added to ATP-actin (¢lled diamonds).
Thus, apparently the cysteine-14^ATPQS disul¢de was
shielded from reduction by DTT. Only after prolonged incu-
bation (15 h) with 1 mM DTT the £uorescence signal was
restored to a level indicating full incorporation of OATP.
The intrinsically unstable S14C-actin was signi¢cantly sta-
bilized by ATPQS, regardless of whether Mg2 or Ca2 was
bound at the high-a⁄nity cation-binding site. The melting
temperature of the mutant actin, measured using the DNase
I-inhibition assay [21], was increased approximately 4‡C by
ATPQS (Fig. 2B). This supports the interpretation that the
nucleotide becomes covalently attached to the protein. While
wild-type actin denatures with ¢rst-order kinetics, S14C-actin
does not [13]. The derivatization of the mutant actin normal-
ized its denaturation kinetics. The stabilization was una¡ected
by DTT (10 mM), con¢rming the inaccessibility of the formed
bond for the reducing agent.
Fig. 1. Schematic detail of the nucleotide-binding site of L-actin
(pdb access code 2btf). The hydroxyl of serine-14, in the phosphate-
binding loop of actin subdomain 1, is within hydrogen-bonding dis-
tance of the Q-phosphate of ATP and the backbone amide of gly-
cine-74. The ¢gure was prepared using MolScript [41].
Fig. 2. ATPQS bound to monomeric S14C-actin is inexchangable.
A: Mg-actin (10 WM) carrying the S14C replacement was incubated
with 0.1 mM of either ATPQS (circles), ADPLS (triangles), ATP
(¢lled diamonds), or in the absence of nucleotide (open diamonds).
The £uorescence increase was monitored after addition of 0.1 mM
OATP. The open arrowhead indicates addition of 10 mM DTT, and
the solid arrowhead indicates addition of OATP to 0.5 mM. Closed
circles represent a separate experiment where 0.1 mM OATP and
1 mM DTT were added to ATPQS-actin and the incubation was
performed overnight. B: The loss of DNase I-inhibition activity in
solutions of Mg-actin (open symbols) or Ca-actin (¢lled symbols)
during heating at a rate of 40‡C/h. The bound ATPQS (circles) con-
siderably stabilized S14C-actin, manifested as a shift of Tm by ap-
proximately 4‡C compared to ATP conditions (triangles). For com-
parison, the melting curves for wild-type ATP-actin are also shown
(diamonds).
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3.2. Conformation of ATPQS-actin
To probe the conformation of the derivatized actin, its af-
¢nity for DNase I was studied. The results showed that
DNase I bound to the Mg form of ATPQS-actin with lower
a⁄nity than to either ATP- or ADP-actin (Fig. 3A and Table
1). This prompted the investigation of the e¡ects of di¡erent
ligands bound to the interdomain cleft on the actin:DNase I
interaction. As shown in Fig. 3B, also AlF4 binding to ADP-
actin weakened the DNase I interaction signi¢cantly. In addi-
tion, DNase I binding is sensitive to both the actin-bound
nucleotide and divalent cation.
Hydrolysis of ATPQS by actin and other ATPases has been
observed before (e.g. [25,26]). To investigate whether the Q-
phosphate bond of ATPQS was available for hydrolysis by
S14C-actin, the derivatized actin was incubated under poly-
merizing conditions (see below) overnight at room tempera-
ture. Thin layer chromatography of the nucleotide extracted
from the protein demonstrated the presence of exclusively
ADP in the F-actin. Thus, ATPQS had been hydrolyzed. It
is generally believed that the binding of AlF4 to an ATPase
captures the protein in a transition state resembling the
ADP.Pi-state in the nucleotide hydrolysis reaction [27]. Since
the ATPQS-G-actin resembled the ADP.AlF4-bound state with
Fig. 3. The ligands in the actin interdomain cleft a¡ect DNase I
binding, and ATPQS-S14C-actin and ATP.AlF4-actin have similar
a⁄nities for DNase I. Double-reciprocal plots of the actin concen-
tration-dependent inhibition of DNase I, where r = [bound actin]/
[DNase I]. A: Mg-ATP-actin (diamonds), Mg-ADP-actin (triangles),
and Mg-ATPQS-S14C-actin (circles). B: Ca- and Mg-ATP-actin
(¢lled and open diamonds, respectively), Ca- and Mg-ADP-actin
(¢lled and open triangles, respectively), and Mg-ADP.AlF4-actin
(crossed triangles). The dissociation constants determined from these
plots are summarized in Table 2.
Table 1
E¡ect of the nucleotide and the high-a⁄nity divalent cation on the
a⁄nity of the actin^DNase I complex
Mg-actin Ca-actin
ATP-actin 0.44 þ 0.07 0.18 þ 0.04
ATPQS-actin 3.63 þ 0.56 n.d.
ADP.AlF4-actin 2.60 þ 0.36 n.d.
ADP-actin 1.22 þ 0.08 1.47 þ 0.34
The Kd values (in nM) for the actin^DNase I interaction were de-
termined using the DNase I-inhibition assay. Values represent
means þ S.D. of the values determined by linear curve ¢ts from the
plots shown in Fig. 3.
Fig. 4. ATPQS-S14C-actin is disturbed in its polymerization kinetics
and binding to ADF. Panel A: Increase in pyrenyl £uorescence dur-
ing ¢lament formation, induced by addition of 1 mM MgCl2+100
mM KCl to 8 WM ATP-actin alone (diamonds), ATP-actin contain-
ing 5% (down triangles) or 20% ATPQS-S14C-actin (up triangles),
and 8 WM ATPQS-S14C-actin alone (circles). The inset shows the
polymerization of Mg-ADP-actin for comparison (‘crosses’). Panel
B: As in A but after preincubation with equimolar amounts of pro-
¢lin. Panel C: As in A but after preincubation with equimolar
ADF. Inset: Polymerization of ATP-, ADP.AlF4-, and ADP-actins
(diamonds, crossed circles, and triangles, respectively) in complex
with ADF.
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respect to DNase I binding, it is plausible that the F-actin is
trapped in the ADP.Pi-state.
3.3. Polymerizability of ATPQS-actin, and its interaction with
pro¢lin and ADF
The S14C-mutation per se did not notably a¡ect the poly-
merization properties of the protein under physiological salt
conditions (1 mM MgCl2+100 mM KCl) [13]. The ATPQS-
actin polymerized more slowly than wild-type ATP-actin,
but faster than ADP-actin (Fig. 4A), and the ¢nal level of
polymerization with ATPQS-actin was lowered. The Acc for
ATPQS-actin was more than three times higher than for
wild-type ADP-actin and almost 10 times higher than for
ATP-actin (Table 2). Copolymerization of ATP-actin with
5 or 20% ATPQS-actin barely a¡ected the polymerization ki-
netics, showing that the cooperativity within the actin ¢lament
could overcome the polymerization defects of the derivatized
actin. Equimolar phalloidin or rhodamine^phalloidin reduced
the Acc of the derivatized actin by a factor of 5 (Table 2) and
accelerated its polymerization (not shown). Thus, phalloidin
could normalize the polymerizability of the derivatized actin.
A similar e¡ect of phalloidin was seen earlier in the case of
polymerization de¢cient, partially digested [28,29] and site
speci¢cally mutated actins [30].
Pro¢lin and the ADF/co¢lin proteins are modulators of
actin dynamics (see [3] for a recent review). The ADF/co¢lins
bind G-actin preferentially in its ADP-bound form [31]. While
several observations suggest that pro¢lin binds ATP-actin
more tightly [32,33], other indicate similar pro¢lin binding
to ATP- and ADP-actin [34,35].
Pro¢lin clearly interfered with the de novo ¢lament forma-
tion from both ATP-actin and ATPQS-actin (compare Fig. 4A
and B). Equimolar amounts of pro¢lin added to F-actin
formed from ATP-actin, from ATP-actin copolymerized
with 5 or 20% ATPQS-actin, or from ATPQS-actin led to a
30% decrease in pyrenyl £uorescence, with similar kinetics in
all four cases, and new steady-state levels were established
within 30 min (not shown). Pro¢lin also decreased the
steady-state levels of sedimentable ATPQS-, ATP- and ADP-
actins (Table 2). However, here the sequestering e¡ect of pro-
¢lin on the derivatized actin was smaller than expected from
the results obtained with the pyrenyl assay (Fig. 4B). This
could be due to a lower a⁄nity of pro¢lin for pyrenyl-actin
[36,37], or to a di¡erence in the mechanical stabilities of wild-
type and mutant actin ¢laments (see also [13]).
The presence of ADF greatly accelerated the polymeriza-
tion of ATP-actin and decreased the ¢nal levels of ¢lamentous
actin (Fig. 4C). This may be explained by enhanced nucleation
in the presence of ADF [17,38,39], and an increased dissocia-
tion rate due to ADF also binding to ¢lamentous actin
[17,40]. Also when ATP-actin was copolymerized with increas-
ing concentrations of ATPQS-actin (Fig. 4C), ADF increased
the rate of polymer formation, and lowered the steady-state
level of £uorescence. However, ADF did not a¡ect the level of
sedimentable ATPQS-actin (Table 2). It is known that ADF/
co¢lin proteins bind only weakly to the ADP.Pi-conformation
of F-actin [40]. However, ADF nucleated the polymeriza-
tion of ATP-, ADP- and ADP.AlF4-actins to a similar extent
(inset Fig. 4C). Thus, the lack of e¡ect of ADF on the ¢nal
level of polymerization of derivatized actin may be explained
by an ADP.Pi-actin-like conformation of the ¢laments or
by a disturbance in their ability to release inorganic phos-
phate.
In summary, this paper presents evidence that ATPQS binds
covalently to S14C-actin, and that ligand binding in the cen-
tral cleft modulates the a⁄nity of actin for DNase I. The
derivatized protein behaved like ADP.Pi- and ADP.AlF4-actin
in its binding to DNase I suggesting it to be a valuable tool
for studying the role of ATP hydrolysis by actin, and the
formation of F-ADP.Pi with the Pi covalently bound to the
actin protomers could be useful for further studies on the
formation of the actin ¢lament and its structure.
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